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Abstract 

Using recent observations of the diffuse, soft x-ray 

background we obtain upper limits of 49 eV to the average 

surface temperature and 1O32 erg s-' to the tot.31 photon 

luminosity of old (= tOto yrs) neutron stars in the galaxy. 

If neutron stars are kept hot through monopole-induced 

nucleon decay, this limit corresponds to a monopole flux 

limit of FM(Oo~) ( 3r x lo -23 cmm2 Sr-’ S-‘, where the WOSS 

section for catalyzed nucleon decay times the 

monopole-nucleon relative velocity is ov - 1o-28 (oo8c) cm2 

(8 = v/c), and ? = LTOT/Ly is the ratio of the total 

luminosity t0 the photon luminosity Of a nSUtrOn Star whose 

surface 

star equa 

ones r 

places a 

not signi 

temperature T = 50 ev. For conventional nSUtrOn 

tions of state r = 1. while f-O? the more exotic 

can be O(103 - 10'). Although our temperature limit 

very stringent limit on the monopole flux, it does 

ficantly constrain other mechanisms for heating old 

neutron stars. 

Operated by Unlversllies Research Association Inc. under contract with the Untted States Department of Energy 





en(OaB) i gr * 10-23 ma-2 SF-’ 8“ , (1) 

T I 49 e” CR - 10 km) 

12 (I” CR - 15 km) 

LI < ,032 erg 3-1 (R-10 or 15 Ia,. 



dL,dE - L1(15,r~~(63/T~~Cox~(E/T)-ll-‘. (2) 

- 2.0 I 1036 R ,0%3cexpwr)-ll-’ erg ueY-!Js-‘. 

For a neutron *tar at a dlstanC* I.. tne airlorentlal enevgy 

flux measured by a det(lCLOr IS 

dFl.32 - (dL/dE)elpC-r(L.E)l/~“~~, (3) 

YhePe tile “YmD*P or ab.eaPpt‘Or, lengths r ,I ralarad to ma 

aboarptlon Cross SeOtlO” O(B) and tne “umber ds”aILy or 

ab*OPberS n by 

r(i.E) - 1: “(r)o(E, a.. (4, 

I”CerSZ*llar abaoPptl0” 01 Soft x Pars (E 5 O(1 uevj, IS 

PPImaPLlY duo to pnotoionlratio” or H. He, c, n. an.3 0. The 

EPOE.3 section per nydPogen atom 1s: O(E) - 6 I 

lo-~3(E/rcu)-3 cm* (Brow, an.3 CO”id ,970: Ride and Yalker 

1977), and n is then the rLumt.*r dsnnlry or hydrogen atoms, 

““. AZ the** 1.2” ensrg1*s. rns BfreEt or pnotalonlratlon by 

hsavlar elements I, not Important, although ,t does Decome 
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ImpoPt.“t at hl&leP e”eP81es (Alda and WB1kOP 1977; norPiS.3” 

ana MCCammon 1983). If “” Yet-e FOnStant along th* 

line-or-r,gnt. then 

r - k”abs, (5s) 

labs L InHo)-’ l5b) 

= 5.4 (““I, cm3)-1~E/o.1 rev1’ pc; 

dF,dE - (n./Um)I~* (dL/dE)a*pC-r(l.E),d,. (6, 

we Will “or eStln!ate “* and R.. Tht) 1.l.g..t k”OY” 

contrlbutlo” to the neutron ataip blrthrare comes rr0. 

P”1sarS. A recent estimate (Ly”e 1962) SUBBOSLS that the 

local P”1SU blrthP.t. is “0 * 15 My-’ **a-*, profocted onto 

the plane and aas”mL”~ a beaming raEtoP or 0.2 (!.e.. d”e 

to Chelr rinite beam rldth w* see Only 201 or all pu1sar,,. 

Thla IS about a tactor Of 2 smaller tnan ear1i*,r esr‘nate. 

(nancnsster and TayloP 1977,. TO Eo”Y*rt till.9 b‘rthrar* 

IntO a IIumt.er density 1e “OOd to k”DY the ,Cale height Of 

.D~oPptlo" Ior t10 dirrare"t ,lodels or tno 1sn: (1) a slmpl* 

model *hare "" . EOnSt*"t - 1 m-3; and (2) the three-phase 

model Of n%.. and OStrlkeP (1977). Although the average 

dmslty or ‘"terste11aP ilydPogen IS about 1 m-3, the 1sn I, 

".PY ‘nhomoganaou~ caos *. SpItPar B"d .lon*ino ,915; 

FPIaCh and YOPk ,983). an.3 so tile DLmPle mad01 ahoYl.3 

OY.PeSCImare the errect Of absorption by the 1sn. vicn "" - 

1 m-3, eq"atIon (6) 1s ~t~e.lgh~To~ward to int.gr.te, 
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dF/dE - 9.0 I 10‘3 a,;.+ 

x E6[erp(E/T)-lI-‘B(B~ erg .-‘*eY‘7~.-*s~-‘. (7) 

ii(E) - no0 I> ~.pC-~~l.Elldl. (61 

- (n~/““)tI-erp(-nHOR*)l. 

- 1. 

“hePa “+ . “*,,0-4 w-3, an.3 n . 1 cm-3. 0 

*ltho”g” tna simple model prolldea a 8006 global 

(eoalsa ? 100 PC) dsscrlpr‘o” Of me IS”. Lt doea not 

pPoY,de a *cry LacYl-ata pioture 0” S.I1IW Scales. “Ithi” 

100 DC or tne *“” “” ia .“E” 1e,5 Lh.” 1 m-3, Ming 0loa.r 

fO a 101 I m-2 a.-3 ~rr‘san an.3 York 1983: sp,tr*r and 

J*“klnD 19T5,. * more ataLl piCt”Pe or the 1sn Yhl”h 

takes the ‘patchinella’ or the 1sn IntO *CCO”“t “aa Dean 

da”*,lopsd by s%?. and o,trilc*r (1971,. Tile,? thPe*-phs. 

mocie~ cona,,ts or a hot component CT - 10~ I(. nH - 2 x 10-3 

m-3, volume lilllng raEtOP r - 0.8,; * **LPm COrnPO”(l”C (7 - 

104 I(. “” - 0.3 m-3, “Ol”Stl filling raotor r - 0.2,: and . 

EOld oomponant CT - 100 I(. “” - 30 m-3, “01”rn. fill‘“. 

faCtoP r = 0.025). A tJplDPl ObaePYer 1111 f,“d hlm,“.rself 

I” a not Pegio” where “” - 2 II 10-3 m-3. *nd on BYerag. 

hlslher llns-of-sight “ill int.r.aot a ULlPlll ClDUd (re.dLua - 

rer PC) srery 10 PC (: RI) OP so, and . cold ElO”d craa,ua - 

r-0” PC) ***r-y 100 PC (z R*) DP DO. StatlSLICallg, thla 

lead, to a” ay*rage hydrogen .aens,ty along tna Ilna-o~-slght 

For E L oco.3 II*“, B(B) - I, ImplyIng that tns Of*eft Of ISll 

.brrJrptlon is aboUt me Sam* in both modslr. as one would 

h.“(l expected since tab, - (“,O) -’ ? 150. PO lOP B 2 0.3 kO”.~ 

HO”.“er *OF 2 i O(O.3 keYI B(E) >> 1. implying that th. 

*fteEt Ol I.94 *baoPptlo” I, YePy diflere”t I” the two 

models. agal” IS .IpeEted Sl”EB Labs - (“,O)- 5 150 pe IOP 

e I 0.3 Ice”. Phyrlcally. till3 IS beEa”ae I” the three-pilas* 

“Odd Y* El)” .le* c”Pth** O”t at 10” *“erS‘ss S‘“EO I” our 

n~~pnb~~hd (5 ‘00 pcj “” - n2 - 3x1~-2 0.~3 an.3 (n20)-1 - 

160 PC (E/O., Iravj3. Th”S ma count,ng .-ace* ror the Hl(’ 

0.4 - 1.0 UN) .“d II2 c- 0.5 - 1.2 ke”) bl”dB ,llOYld be 

,b.a”C tn. ,*me r.ar both modela 01 tne rsn. “nila the 

founrlng ratas ror the B (’ a.,, - 0.19 *a”) an4 c C’ 0.13 - 

0.28 *evj bands ShDYld be YePy d‘fferant IO. the tro .Od.lO 

or rno ISId. *his indeed LUP”, out to be tne case. IS can 
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rsm - s(dSldE)lg*yD(E) a. (10) 



Lighten Ihe c band 1,mita on LT by aboY-. a ractor or 2. 

IdOre that I” tll15 example vo haYe kept tns rota1 “YmboP o* 

Old ne”TPO” star.3 fixed. and lust “arlad TtlelP radial 

d‘StPLb”tl0”. 

I” aadlrlon LO tns U”CePta‘“tg I” the aca1e hslght Of 

Old “eutro” SLBPS, there LS the ““CePta*“ty I” the blrtArat* 

115811. TO *aLlmaLe tns DUmbor density Of Old neutron stars 

“0 haYe usea tile present pulsar b‘PthPat.3 for the ne”rPO” 

atar bIrthrate and assumed tnat rh‘s blrthrdre has been 

constant for tns past 10’0 yps. BY no means I.3 lt oarta,n 

that the q ajor,ty Of nsulran *tar* aI.0 DOP” as pulsars. or 

that tne neufPon ,tar blPthrste ha3 Dee” c.¶nstant tllro”~ho”t 

th* nlStoPy OI the *a1a*y. C?ieutron atar, rhlch Potate 

*lowly OP ha”e wear mgnetlc IlSldS Ulll not pulse; Poughly 

apsa*,ng tna c?Iterla I.P p”lSing seema to b*: 

(B/lO’%,/(P/*eo,Z 2 O(1) (Sturrock ,971; RUderma” and 

Sutherland 1975)., PPeYIoYa estimates or th* “umber de,n,lty 

Of Old neutron star. haYe bean up to 100 rtmell larger than 

Ihe Ydl”tl “(I nave adopted tier* (S, Lamb. Lamb. B”d Pinea 

1973; Hill, 1978: 00tr‘keP. Rees. and Silk ,970,. 

tncreaslng “, by a ractw Of 10 YO”ld In0r.B.. all or 

calculated counrlng ratoa by the same raotor and Lmpro”e out. 

llmlt to L1 by about a ract.2~ or 10: Lo i o(103’ erg s-l), 

6, Fig. 1. 

L.3 - pc2(osc, , (11, 

- 8.1 x 10’7 erg s-1 (p13.10’U 6 m-3,(oog,, 

where a, berOPe “e haYe paramster‘rsd the EP0,9 ,eotion IOP 

Eatalysls time5 tne q onopolo-“ucieon Pe1atL”B “elac‘ty (” - 

BE1 bY 

(08) - ~oo~,,O-%m*. (12, 
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54 - 3.0 x 1038 srg 9-1 (o,~)(o,3 * ,0’Q8 c.‘3) 

= n,R,~Y_;2F.,6. (141 

N~=(4”R~1(.-.~1,,~1*2G~/n”~1P~ , (13, 

- 3.7 I lo~~.(,/lo’~yr.)n R 1 lov-;’ P-16 * 

Fn(*oBl d 3r I 10 -23 cm-z *p-l ,‘I. (15, 
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po3.1bliltl.s. tn.” P - 1 an* th. Iimlt Y. at*.ln 1. Just 

Fn(0,81 I 3 x 10 -23 cm‘* .r-1 .‘I. (16) 

("0 .-EOnd*"**t* or q"PPu m*tt*t- for.) 

FII(.oB) 5 10 -19 .m-2 *?-I ,-1. (171 

HH(MSl - (,0Z4 - lo25N-,6. (18) 

P~(~,B) s 1oez6r cme2 SP“ *-I , (19) 
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Th. I1rnLt.S di.E”..Od *o r.r *I-* b...(td “poll ttl* 

‘“tagr*t*a CO”trlbYtlo” 01 many Old “*“tPo” 3t.r. (’ 10’0, 

LO tn. dirf”.. phoLon b*c*pro”nd. Tn. adranlag* Of thi, 

t*ch”‘g”* I. rt3.r it ‘*Y*r*g**’ O”.P many Old “*“troll *tar* 

(r.c.11 L” = H” - P.T,. HOYBY(1P* one nserls to ..,“DB * 

““rnb.P dsn*lLy or Old neutro” *tar*. and ih. photon 

hmhsity tillic cL, i 1o3* erg .-I) upon rhlCh th. llux 

11m1t LS b.5116 L, lust gert‘ng ‘“CO tna Pang. Ih.P. til. 

“*“trim2 1”m‘“o.lty E*” donlnllrs tll. tot.1 luminoa‘ry (P >, 

‘I. m*Llng tha bound Y*r)r ,*“,*tiYe to th. n*“trOn *t*r 

*q”*tlo” Of .L.r,. . ..“II.d. Th. bD”“d. “hiElI “0 “Ill no” 

dl.CU,. .P. b...d upon tna Ob*eP”*f‘onr or I”dl”ldU,I 

“*YtPo” *t*r,. 





pgWl”“.%g - loo(.M/lo’~ GeV)(lo’~G/B); (20, 

th”. tn. nignstlo T‘.ld. or n*urron *t*r* wlrh B > 10’2 0 

m*y detlect nonopolss I.., m***IYe tn.” about 10’4 0.” .“d 



Netq = 10 15 
F-16 

112; (21 I 

F”(.oBl < 10 -17 p om-z *p-l *-I , (ZZI 



“Ilng th‘. bound “(I Obtain * 1lrnlL to tns ll”X or 

mO”Opol.** F,(,,*) i jr I: 10~~~ cme2 *r-’ se’, based upon 

monopole cataly*sd ““Eleon decay 1” “*“tron *t*r*. Th. 

P*tlo r - L TOT/LI dspends upon tile neutron *t*r squatlo” or 

*t*t*i only fOP tlls mot-e BIOClE *quat1on. or *t*t* (plotI 

condenaala OP 9u.rk q *tt*r lntsrlorl 1. r slgnlrloantly 

Drsatsr man unity (possibly LI.3 large as 103 of. ,041. Thl, 

llmlt 1. eomparabla to me lJtn*r llm‘rr oarad upon m0nOp0,* 

0.Z.1I.1.: tile rar,oua I‘rn‘C. .P. s”mm*Pll*d and c0mp.P.d in 

TLb10 I*. 



tn. m0.t Important .ocnanism ror neat,ng an Old n*Yt,-On .t..P 

1. by *CEr*tlon 8, ,t rnc.“.. LhPOUgn the *sn. but BYen 

*CCP*tlon is only “rely to P..“11 1” * pnoton l”ml”O*lt~ Of 

0cr.u * 1o*9 eF8 .-I). ~~~~~~~~~ Chanen. and HoYIEk c1980j 

h.“. P*E*ntly dl.E”...d ne”~c-0” *t*r nearing meEh*ni*m*, and 

“0 P.I.P tn. P..dOP to Lh.lr- PO”‘.” for mor. deta*lr., 



TABLE I - Summary of Soft X-ray Observerions and Neutron Scar Temperature end Luminosity Limits 

energy Range= 
(kev) 

Detector Respo” e Functioob 
(ca”“t-erg-l-cmq-sr-k~“-l) 

All Sky Avenge= 
(counrs s-l) 

SlHPLE IS” MODEL= 

T max(ev) RIO-l.O 

R10-1.5 

LmLx (erg e-l) 

3 PHASE rsn HODELC 
T max(ew RIO-l.0 

R10-1.5 

LmIx (erg s-l) 

B c “1 HZ 

0.11 - 0.19 0.13 - Cl.28 

1.2YrlOll (E-0.11 keV) 1.33xloll(e-0.13 *evj 

49 133 

95 60 

66 50 

1.1 L 1033 
6.2 I 103* ::; : :::: 

52 49 

42 42. 

0.4 - 1.0 0.5 - 1.2 

5.26x109(E-.4 Ire") 7.37x109@0.5 ke", 
(0.4-0.7 kev) (0.5-0.85 keV) 

5.28x109~1.0 ke"-e, 7.37x109(1.2 ke"-E) 
(0.7-1.0 kev) (0.85-1.2 tevj 

25 39 

62 68 

58 63 

62 68 

58 63 

1.9 I. 1032 
3.3 x 1032 

a Taken from M%mmon &. (1983). 

b 
Our analytic fite to the detector reapoase curves published by n%~.m.on a. (1983). 

' All limits are baaed upon using 113 the all-sky average counting rates. 



TARLE 2 - Comparison of Honopals Flux Bounds Saeed Upon 
Monopole Catalysis of Nuclson Decay in Neutron Stars 

Technique used ta Limit L,, 

Co”trib”tio” to diffuse x-ray 
bsckground 

This paper 

Dlmopaulos ti. (1982) 

Taral x-ray emission per 
“e”tr.3” ot.ar: EC> 200 eV) 
: 6 x lob9 ergs 

KOlb a. (1982) 

Negstive results of seren- 
dipifaue Einstein searches 
for nearby x-ray point BOU~‘E~B 

K0lb u. (1982) 

Einstein 0baervetians of 
Individual old radio pulsars 

FreeBe u. (19.53) 

Taking into account monopoles 
captured by the MS progenitor 

Freese &c&. (1983.1984) 

Published Flux 
Li”iC, FN(LJOE): 

3r x lo-23c.-2er-ls-l - 

r x 10-24cm-28r-1s-l 

(authors used r .n 1) 

r x 10-ZZcm-2sr-ls-1 

(authora used ~5x10~) 

5r x 10-24c”-2Br-ls-1 

(authors used r = 10’) 

- 

7r x 10-22cm-*8r-la-1 

(authors used r ~1 1) 

-Limits involving old 
neutron stars improve by 
O(103) 

-Limits involving young 
neutron *tar8 improve by 
O(107) 

-Aversgee OYer B very large 
number of old objects 
(- 1010 yrs) 

-4 bend limit to L 
Y 

-reletlvely innensit‘ve LO 
model of IS”. n* 

-Averages o”er a very large 
“umber of old ob,ecte 
(= 1010 yra) 

-Uses old obJecta 
(2 1010 yr‘s) 

-reliability of bound can be 
improved by analyzing more 
Einstein fields 

-Most etringent limit to L 
and BO less sensitivity t X’ 
equation of state 

-Independent of n* 
-Leas BensitiYe to monapole 

snnihilatians 

-Improves limits by a very 
aignificent factor 

Disadvantagea 

-sensitive co equation 
of state 

-uncorrected far absorption 
by the ISH 

-LirnlL to L 
indirect y 

is somewhat 

-sensitivity to 1SH 
absorption not obvious 

-sensitive to equation of 

-Very sensitive to II* 
and ebsorprion by ISH 

-Sensitive to equation of 
.9tate 

-Uses re1etive1y young 
objects (= 106 yrs) 

-some uncertsinty ,n 
distances La the radio 
pulsars 

-Only applicnble if 
mcnopale ma88 2 1017 Cev 

-Do the monopoles captured 
on the HS end up in the 
“eutro” orat? 
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Pl,“Pe 2 - Th. r*LLo Of tot.1 lumlnoslty co pnoron 

‘“mlnoaltlr (- r - LTOT/L7) aa * ~““Etlo” or photon 

lumlnoslty. *s a*leulatad COP Y*rlDU* n*)utron St,.? *q”*tt~nS 

01 “t*te. The E”rY*a ‘*beled 1= and 8 *re pion co”d*n**le 

mwl*,s ..od tha fUrYe 1.D.le.d q’ IS *or a n*“tPo” *tar i”o*e, 

rim a quark n*ttar co,*. The mars EO”Yentlo”*l ne”rPon 

.L.P eq”*tlonl or stat. *.p* repPe**“red bg tile CUP”** 

1Pb”l.d BPS. PS. I, II. **B. III. A. .“d 8. Not. tner ‘I 

Lh. *ton cO”aanrste an* g”aPk m*ttep *qY*c‘o”a or state *r* 

.xE~UdOd LIOTILl - , fop LI s 1o3* epB .-I. cupv.. .=, q=, 

BPS, .“d PS *ire IpOrn the E*‘C”‘*L‘o”s Of “an .Ripsr and L.,“b 

(1981,; c”r”Ils Tb, I. II, ITB. an* III a-e rro. the 

O*lEY,*tlOnS or Rich*rdSOn ec.1. __ (19.82); and EUPYBS A .“d s 

*l-e rrom th. o*lE”l*t‘.w. or Ts”P.t* (19191. FOP a,, tns 
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